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INTRODUCTION

The major efforts to produce oxide dispersion-strengthened alloys, have been
concentratad in the past mainly on mechanical mixing and blending methods of
metal and oxide powders, on internally oxidized dilute alloys, and on salt de~
composition techniques to achieve either the matrix phase, the cxide phase,

or both, seeking in each instance, a homogeneous oxide dispersion. )

Each of these techniquos has its advantages and disadvantages. Mechanical
mixing methods demand use of near-micron metal and vastly finer oxide powders)
the fine oxides are fairly easy to obtain, whereas the near-micron metal powders
@lloy form. In internally
¥orm, clean fine powders
zed. Further, the amount
of oxide which can be incorporated is relatiyc d the variety of alloys,

are difficult and expensive to produce, especially
- oxidized alloys, there is the problem of producing
in which the solute element 13 not already pa

Salt decomposition techniques! hde, have proven to‘”be quite successful
in certain types of all RaYe oblem being one of cost ln achieving the

desired compositions pecially if decomposable salts are utm:ed both for the
metal matrix and the

For this program, it was planned to study the feasibility of utilizing mixtures of
oxide, followed by selective reduction of the non-refractory oxide or oxides to
produce the metal matrix. Most oxides are inexpensive and readily available;
are brittle and therefore can be easily comminuted to particles as fine as 0.1 to
0.5 micron; are readily reducible in this fine size, {f the free energy of oxide
formation 18 below about 80,000 calories per gram atom of oxygen; and undergo
casy alloying with other fine metallic powders which are free of oxide films.
Viewing this array of advantages, it was logical to undertake a study of thoria
dispersion-strengthenaed nickel and nickel=-12 percent molybdenum alloys. In
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mixtures of this sort, both the nickel oxide and molybdenum oxide are readily
reducible at temperatures below 1000° C, whereas the thoria is stable well
above this temperature. For these alloys, the thoria content varied between
3.5 and 9 volume percent.

There were three major aims to this study:

1. Determine the feasibility of selactive reduction
from oxide mixtures, as described above to achieve
high strength, high temperature alloys.

2. Study the benefits of matrix solid solution strength-
ening compared to a pure mctal matrix. /

4H,0 ] . The NiO was in the form of
0.6 micron powder, the : 4 micron powder, and the thorium nitrate

hours, yielding a pa f 0.5 micron; milling was done in a nickel-lined
mill, and resulted in a of about 17 percent nickel, which became part of
the alloy. There resulted formation of about 4 percent metaldehyde through oxi-
dation of ethyl alcohol, the grinding reagent, to acetaldehyde, with subsequent
polymerization. This product was removed by vacuum evaporation at 300° C.

One nickel-thoria alloy, N1, was prepared by milling 2 to 5 micron "Inco B"

nickel powder in ethyl alcohol. It was observed that thorium nitrate, added to

the alcohol in a quantity to produce 7 volume percent of thoria, acted as an ex-
cellent ball milling aid, and was utilized in this way in the ball milling operations.
The final product, after 360 hours of milling, was 0.5 micron oxidized nickel
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powder, intimately mixed with thorium nitrate. The alcohol was removed by
vacuum treatment at 80° C,

Decomposition gtudies, Since it was the intent of this study to produce
very fine stable thoria by decomposition of thorium nitrats, preliminary studies
were made to estimate the average particle size of thoria as a function of de~
composition temperature, time, and atmosphere.

It was found that the logarithm of the average thoria particle size increased
linearly with increasing decomposition temperature, the average particle size
being only slightly influenced by decomposition conditions other than tempera=-
ture for times greater than one hour. Decomposition {n vacuum resulted in more
rapid decomposition than in argon at temperatures b 1000° C. In fact,
satisfactory decomposition in vacuum took place asji¢w as 700° C, whereas
higher temporatures were necessary for the dc oaitiqn step in argon.

This same figure shows the ¢
weight being attributed to the of water vapog and No2 gas, the

former accounting for m change above about 400° C.

Our studies indicate t thorifin} nitrate decomposition above 600° C results in
a thoria crystallite si related to time by the following equations

d-Kto°l

where d = average thoria crystallite size determined

by x-ray line broadening,

t = time in hours

K = average crystallite size after one hour at temperature

Selective oxide reduction, Thermodynamic data from Kubaschewsky and
Bvans(” and Elliott and Gletser(z) clearly showed that it 18 possible to reduce
N1iO and Mooz in the presence of thoria at temperatures below 1000° C. To
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estimate the minimum temperature for reduction of the nickel and molybdenum
oxides, and thereby to maintain the finest particle size of thorla, preliminary
experiments were made of the selective reduction of mixtures of the three
oxides. Precautions were taken to keep the samples protected at all times,
since the very fine thoria 18 hydroscopic, and picks up water readily at the
lower temporatures.

Figure 2 shows that most of the oxygen is removed within the first half hour at
each tamperatuwre, the curve remaining quite flat for longer periods of time.
After about 2 hours, each 100° C temperature increment results in an additional
weight decreage due to oxygen loss which is close toone-half of the weight de-
crease for the preceding 100° C temperature incremcfid, or:

where W, = percent weight loss at te ¢
o5 fQr e dgcntially complete reduction of alloy
d all for a temperature of 1400° to

oxide at any other temporature for equivalent
Figure 3; the curve reprasents the oxygen con-

powder NM9 18 22.74 percent,
1500° C for reduction.,
calculate the amount g
time. These results &
tent remaining in the alloy

Alloy production. For alloy production the proper quantities of 0.6 micron
NiO, 0.5 micron MoO,, and thorium nitrate were mixed in a nickel-lined ball

mill with ethyl alcohol as tho milling liquid. Care was taken throughout the
milling oporation to be sure that \adequate alcohol was added to maintain a suit-
able vigcosity. After 24 hours of milling, the blend was removed from the mill
and subjected to an cvaporation treatment at 80° C to eliminate the alcohol. The
aggregate was then screened to yleld a friable aggregate between +20 and =4
mesh, of high porosity.



-s-

Batches of 500 grams of the aggregate were vacuum treated in a furnace specif-
ically built to permit detection of the final small weight changes to determine
whether all of the water and nitrous oxide had been removed. The vacuum de-
composition was carried out at 600° to 700° C for 1 to 3 hours; the results are
shown in Table I for the various alloys.

Reduction conditions were also varied among the alloys; some of the earlier alloys
were reduced at 600° to 700° C, and at 800° C in later alloys. A constant flow
rate of 6 liters of purified hydrogen per minute was utilized for all alloys. Table [
summarizes the reduction conditions. '

In this table, N designates pure nickel alloys, and #§1 designates the nickel~-

12 weight percent molybdenum alloy. After redu the powders were cooled
in hydrogen to room temperature; care was re-exposwure of the
product to the atmosphere to avold water 2

The reduced powders were only abo
cold compaction was done in a prpte argon atmosphere. Either hydrostatic
compaction at 35,000 psi, yic}

ing at 7,000 psi, ylelding a dd

ajjout 50 percent, was utilized; see
Table 1I. '

Compacts through N1§ yere a vacuum treated after reduction and then treatoad
in hydrogen, both for e of obtaining a small increase in density through
sintering and to eliminate any water vapor or oxygen which may have been picked
up in the handling of these powders. After alloy N16 the reduced powders were
cannoed and extruded directly, or were compacted in the extrusion can and extruded
without further sintering or roduction. Results appeared to be satisfactory, pro-
vided that undue delays in processing were avoided.

Hot extrusion was accomplished in mild steel cans which were sealed and
evacuatod. Extrusion temperatures varied from 954 to 1038° C, with prehoat at
the same tempemtures for 1 to 2 hours. In the case of alloys N17 to NM23 (see
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Table II), extrusion was carried out in two steps; the first was a reduction of
area of about 4 to 1, and a second at a ratio of 33:1, at each of two different
extrusion rates, to achieve final densification and to impart a larger measure
of stored energy through deformation. The extrusion conditions are listed in
Table 11.

As part of the over-all study, efforts were also made to further strengthen some
of the alloys by swaging to achieve various degrees of cold work; swaging was
done progressively and with intermediate anncals after steps of about 10 per=
cent reduction 6( area.

Testing and analysis. Table HI lists the chemiggl analyses of the alloys.
The higher iron content of alloy N1 is due to the usq 4f a stainless steel mill,

whereas a nickel-lined mill was used for all g

aghqnt powder preparation.

X~-ray analysis was mad
to which molybdenum

molybdenum alloys to establish the degree
fllinterdiffuse to give a homogeneous solid solution.

p€r ultrasonic attanuiuon might yield information
regarding the uniformity of the oxide dispersion and the extent of cold work, a
Krautkramer USIP10 ultrasonic pulse unit, with a 12 megacycle probe MQ12 was
utilized, employing a 10 mm cross-cut quartz crystal. The attenuation values
were measured, taking the average attenuation of $ or more of the multiple echoes
from a rod about 5 centimeters long and about 7 to 8 mm diameter. The attenu-
ation was measured directly in decibles (db) on the equipment. As the pulse
travelled a round trip for each additional multiple echo, the measured length of
the rod was multiplied by 2 when relating results to attenuation per unit length,
and is expressed in db/om. These attenuation values are listed in Table IV.

In an effort to determine
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Room temperature tension tosts and croep-rupture tests at 982° C (1800° F)
were conducted in air on most of the alloys.

RESULTS

Alloy structure. Unusually uniform oxide dispersions weore obtained in most
of the alloys, with very little stringering, particularly in the nickel-molybdenum=
thoria alloys. Figure 4 shows the structure of alloy NM23, longitudinal section,
1000X. In Figure 5, an elecctron micrograph of alloy NM1$ at 10,000X, using a
carbon replica technique, is shown in a longitudinal section. On the other hand
alloy N1, which shows a stringered structure (gee Figure 6), otherwise shows
good oxide distribution and properties were quite gogf. Alloy N1 was prepared
from metallic nickel instead of N1O.

The average particle size of the thoria phascy
and using x-ray line broadening techniqugs,
were extracted by dissolving alloy .

d by electrolytic extraction,
Table V. The oxides

Table VI lists the room temperature

values of 0.2 percent yicld sty 1, \ @ tcnsion strength, elongation, re-
duction of area, and hardness ¥og the el-thoria and nickel-molybdenum=-thoria

alloys. It is fairly o t strenath increascs with increasing thoria content,
on average, and du decrfapes. Correspondingly, hardness increases with
increasing thoria con are scveral deviations from this behavior pri-

marily in the nickel-thoria alloys, which show the best strength and ductility
combination in the 7 volume percent thoria alloys. These deviations are directly
associated with both the perfection of the oxide dispersion, and the amount of
stored encrgy as a result of thoe extrusion step.

It 18 worth noting that these room temperature mechanical properties are the best
(by a considerable margin) reported to date, both for oxide dispersion-strengthened
nickel alloys, and for nickel-molybdenum alloys with a thoria dispersion.
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Creop-rypture tests at 982° C (1300° [}, Figures 7 and 8 are plots of log
stress versus log rupture time foc ntckel-thoﬂa and for nlckel-molybdenum-

thoria alloys, respecuvely. ‘

It is observed that the nickel-thoria alloys all undergo an instability break in
the curves with the axcepuon of N17, Ptqure 7. In contrast. the Ni-Mo-thoria
alloys do not show lnstabuuy beeaks in testa which lasted even more than 100
hours.

Further cold work, To determine the benefits which might be gained through
additional cold work of the as-extruded alloys, room fnperature swaging was
done on a number of the alloys in two different series). | Nickel=-thoria and one
nickel-molybdenum=thoria alloy were swaged egsively to larger reductions
without intermediate anneals; similarly, the Re or Co ble alloys were cold
bduction of about 10 percent. In

tho former case the alloys were N1, N1& M19; in the latter case they were

alloys N16 and NM15, with intc 3 of one hour at 950° and 700° C,
respactively. The temporature qf i3 below thé recrystallization tempera-
ture of the nickel-molybde anid would correspond to a polygonization
type treatment; 950° C bove the mcryétaluzatton temperature of pure nickel,
and would correspond, this to a treatment more nearby approaching, com-

plcte recovery.

Figure 9 shows the increase in rupture life for the swaged alloys, with and without
intermediate annealing treatments, all tests, in air were at 932° C at the indicated
stresses. Alloys N1 and N16 each show a plateau in the rupture life curve with
increasing reduction of arca by swaging. N16, with § percent thoria, shows an
increase of about 17:1 in rupture life compared to the as-extruded condition,
whereas alloy N1 and 7 percent thoria shows only a very small increase.

Alloy N16 showed a more rapid rate increase in rupture life up to almost 30 percent
reduction of area when utilizing intermittent anneals, but reached a plateau sooner
than without intermediate anneals.
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It 18 interesting to observe that alloys N1 and N16 showed first cracks when
reduction of area values by progressive swaging were 42 and 63 percent, re-
spectively; with intermittent anneals, alloy N16 did not show any signs of
cracking at 51 percent reduction of area, this being the highest value attempted
in the current program.

Alloy NM15 not only shows a more rapid rise in rupture life with cold swaging,
but did not strike a plateau after a considerable increase in rupture life. The
rate of rise was greater with intermittent anneals than with progressive reductions
without annealing, and in each case the tests were extended only to the point
where a strengthening factor of about 35:1 was achieved for each condition, this

value being about 20 percent reduction of area for N 15 with intermittent anneals,

and about 33 percent for the same alloy without inteffuljttent anneals. In each case,

the next increment of cold work did result in s this occurred at 28 per=

pOnds to an increased load carrying
at 982° C (1800° F); this i8 an

case of alloy N1 to rega as-extruded hardness, and required about 33 percent
reduction of area in the case of N16. Intormittent anncals, in the case of alloy
N16 bring about a return to the as-extruded hardness after a total reduction of area
of about 17 percent following an anneal after 7 percent reduction of area. After
this the hardness remains essentially constant out to 52 percent reduction of area.

Alloy NM15 at first shows a small decrease in hardness followed by an increase
in hardness over that of the as-extruded condition, for a net increase of about 20
Vickers hardness points after 42 percent reduction of area through progressive
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cold work. Intermittent anneals between the various reduction of area steps
result in a small continuing decrease in hardness, for a net loss of almost 10
points after about 27 percent reduction of area.

The ultrasonic attenuation tests also indicate that there is a parallel rise in
values of log attenuation versus reduction of area by cold swaging, paralleling
to a major degree the increase in rupture life with increasing cold swaging.
These results can be checked from Table IV. In particular, the parallel increase
for alloy NM16 with intermittent anneals of log attenuation and rupture life with
increasing cold work is quite striking, although at the moment not totally ex-
plainable.

X-ray diffraction studies, Texture and line broade ‘,l

taken using a pin-hole back reflection camera wigh sthnce of 5 centimeters

1g studies were under-

hm~-thoria alloys showed vir-
tually no texture, confirming the observed's tructures. The nickel-thoria

alloys showed a mild <100> wire tgxpm . 3 ymaller amount of <111> wire
texture, in agreement with the fin i rdcey and Worn on Nt--'mO2 alloys“).
Larger extrusion ratios prod Snounced texture in the nickel-thoria

alloys, but did not appes|
denum-thoria alloys.

Variations in cold swaging, with and without intermittent annealing treatments,
did bring about small changes in texture. Alloy NM18, twice extruded, did
develop a small amount of <100> wire toxture. Increased swaging with inter-
mittent annealing of alloy NM15 also produced a small amount of <111> wire
texture. On the other hand, the nickel~thoria alloys developed a strong <111>
wire texture with increased swaging and intermittent annealing treatments at
950° C. Without the intermittent anneals, the texture developed was predomi-
nantly the <100> wire texture.
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In the as-extruded condition, all of the alloys in this investigation showed
sharp reflections with well separated K;; and K, (331) and (420) lines in the
back-reflection patterns. Swaging without annealing of the nickel-molybdenum=
thoria alloys resulted in pronounced line broadening. The nickel-thoria alloys,
on the other hand, showed only a small increase in line width for similar treat-
ments. Annealing of the swaged alloys rosulted in a return to the original line
width in the case of the nickel alloys and a partial fetum in the case of the
Ni-Mo alloys.

Figure 10 shows the changes in back-reflection pattcrms for alloys NM15 and
N16 following a 25 percent reduction of area by cold gwaging, and also after
subsequent annealing for one hour at 950° C for N? and 700° C for N16.

DISCUSSION

and x~ray diffraction analysis that nigk grih and nickel-molybdenum~thoria
l lent low and high temperature

0.5 micron in this ins . or easy alloying of the reduced nickel and
molybdenum powders #\g to a fine oxide dispersion in which the oxide

size was somewhat sma n had been anticipated from preliminary experiments,
due in part to the formation of very thin layers of thoria on the nickel and molyb-
denum oxides. Apparently these coatings are relatively adherent and porous. The
effectiveness of the thoria coating is suggested by the lack of sintering at very
high temperatures after complete reduction of the nickel and molybdenum oxides.

If one assumes a mixture of 0.5 micron metallic particles with a uniform coating

of thoria to yleld 7 volume percent of oxide, this would indicate a coating thickness
of about 60 A.
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Bocause of the fineness of the oxide dispersion and its uniformity, and because
of the homogeneity naturc of the resultant nickel-molybdenum solid solution,
good properties were achieved in this oxide dispersion-strengthened alloy.

In plots of log stress versus log rupture time for nickel~-thoria alloys tested at
932° C, the instability breaks which were observed in all of the alloys except
the 3.5 volume percent thoria alloy are not understood. It is possible that there
was a slight amount of reoxidation of the nickel powder, due primarily to water
pick up by the fine hydroscopic thoria. This does not, however, explain the ab~
sence of an instability break in the 3.5 percent thoria alloy (except that this low
thoria content resulted in a smaller water vapor pick up and less rooxidation). In
view of the resultant fine thoria particle size, it shf d be possible to use a
higher temperature vacuum reduction treatment of thy fompact to protect against
water vapor pick-up by the thoria.

Aow an tn’tabllity break at 932° C
¢ possible that the much slower dif-
fusion rates of oxygen in the nig xpum matrix may have resulted in a
/ Yic curves in Figure 8 compared to

The nickel-molybdenum~thoria alloys ¢

system gencrally.

The nickel-molybdenynfthoria ailoys are considerably stmhget than the nickel-
thoria albys made by sam chniques, indicating important benefits to be
derived from strengthe e matrix through alloying. These Ni-Mo alloys

are, however, not stronger than l\u-'l'ho2 alloys made by other techniques by a
small amount(4's'6). ,

Elongation values in the 932° C stress-rupture tests were from 2 t0 5 percent for
the as=—extruded alloys and from 3 to0 7 percent for the cold worked and annealed

alloys. These ductility values compare well with reported values in the litera-
turo(4¢5:6)




The high 982° C strength properties are matched by significantly stronger tension
values at room temperature. Compared to the nickel-thoria alloys, the ductilities
are slightly less and the hardness values are significantly higher for the nickel-
molybdenum~thoria alloys (see Tables VI and VII).

As was expected, the room temperature strength generally increased with increasing
thoria content, and ductility decreased. Alloy NM1S with a yleld strength of
162,000 psi and ductility values of 2.8 percent elongation and 11.4 percent ro-
duction of area was able to withstand about 40 percent additional cold reduction

by swaging before cracking. Similarly, alloy N16 with 141,700 psi yield strength,
and 145,000 psi ultimate tension strength, 7.8 percgat elongation and 36.1 per-
cent reduction of area, withstood 63 percent reductibi} of area by cold swaging be-

as from the work of Tracey and Wornm indicate that deformation at room tempcrature
of oxide dispersion-strengthcned alloys can improve the high temperature creep=
rupture properties. The mochanism of this increcase in strength is not well under-
stood., It is clear that a significant but unknown amount of cold work is retained

by the alloys during tho hot extrusion step. The quantity of stored energy is a
function of the reduction ratio in the extrusion step, the oxide content, and the

rato and temperature at which the extrusion takes place. Due to variations in inter-
particle spacing and particle size of the oxide, the quantity of retained energy in
oxtrusion is seldom known in more than an appraximate way .
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Stored energy of deformation can be achieved by a high strain rate - high tem-
perature deformation process, or the energy can be added later by deformation
at lower temperatures, for example, at room temperature. For most effective
retention of stored energy, one should first have a completely dense body, and
avold transformations eithar of the oxide or of the metal, which might resuilt in
volume changes and thereby in a disturbance of the stored energy distribution.

In order to determine whether significant improvements might be achieved by in-
creasing the reduction ratio, alloys N17 and NM18 were produced by a two-step
extrusion process (see Table II). The first extrusion took place at a ratio of about
4:1, leading to a density of 99.5 percent for alloy N17 and 98.6 percent for alloy
NM18. Each alloy was then re-extruded at the sam
ratio of about 33:1, leading to a density of 99.3 per
percent for alloy NM18. These 3.5 volume
to be effectively strengthened by the adgditiora much er extrusion reduction
relative to the higher oxide containing ith the puzzling exception that
alloy N17 is the only one of the pickel-%ioa alloys which did not show an in-

stability break at 982° C (180¢°

omperature at an extrusion
t for alloy N17, and 99.0
a alloys did not appear

To determine the effect o sion, alloys N19 and 20 and NM22 and

23, all with about 9 nt ThQ., Were extruded first at an extrusion ratio of
about 4.5 to 1 for congalidatign 4 All four alloys were then re~extruded at 1038° C
ataratioof 33 tol, w s N20 and NM22 extruded at a slow rate (ram speed

43 inches per minute) and N19 and NM23 at a high rate (145 inches per minute).

As observed in Figures 7 and 8, the higher strain rate extrusions resulted in stronger
alloys, supporting thé observation that higher gstrain rate deformation results in
higher stored energy and higher strength at elevated temperatures.

The response of these alloys to some of the processing variables 18 complex.
One of the behavior patterns more difficult to explain is the difference in response
to cold work by the Ni alloys compared to the Ni-Mo alloys. The much better
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microstructure of the NM alloys and thoir lack of a preferred texture in the ag=
extruded condition probably explain most of the differcnces. The NM alloys,
even with extensive cold work did not develop a strong taexture; they did not
soften noarly as much with additional cold work (change in direction of cold

work was involved), and retainod the cold work after anncaling. In contrast,

the N alloys showed a prefarred texture, which became worse with further cold
work, and undesrwent significant softening with increased cold swaging. Finally,
the N alloys seemed to recover much more easily than the NM alloys due to an-

nealing.

Mecchanism of gtrengthening, Evidence has been advanced by scveral in-
vestigators that the source of strength in oxide dis ion-strengthened alloys is
the stored energy of deformation of equivalent cold . The function served by
the codde is then to hinder or delay recovery tallization process' °.
The presence of strain fields around finc

Thomas and Nuttlng(s) R

Motion of dislocations through
sub~micron scale i8 made mord g

@ oxide particles dispersed on a
volume of the strain field due to
acreasing the particle spacing and in-

cold work around the particles
creasing the resista fetal e

The above is a simpl cturo pffan oxide dispersion-strengthened alloy, but it
fails to explain the in ductility of these alloys with further cold work
when intormediate anncals are uscd; these anncaling troatments are quite low, for
example, at 400° to 700° C for a nickel matrix. At these low temperatures, only
rocovery (probably polygonization) occurs. Whereas Clarcbrough et al(g) show
that stored energy reloase has a recrystallization pcak at 550° C for pure nickel,
and total enorgy rolease at about 650° C, this study shows that cold workod
Nt-l‘hoz annocaled at 700* C shows sharpening of diffraction rings and Ni-Mo=-ThO
shows a similar effoct at 950° C (see Figure 10), without recrystallization.

2
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It is probable that the alloy behaves as a simple two phase structure: the matrix
metal baetween particles which behaves more or leas like the pure metal, respond-
ing to cold work and anncaling troatmonts normally but with temperature and time
delays; and tho matrix metal around the oxide particles, which contains extensive
dislocation tangles.

Figure 11 suggests a possible model of the structure, starting in cach case with
an as-extruded (hot) structure which has a relatively high level of stored encrgy.
The level of stored energy, relative to the fracture stress, po is unknown, and
depends on the following:

tained at elevated
icron or less),

a) interparticle spacing (stored energy is)
temperatures when the spacing is about

b) volume content of oxide (even ¢F. ukters are important

ftg at the extrusion temperature.

sgive cold wark a high total contont
hly strainad. The effoctive, inter-

il with cold work, however, at some lcvol

of cold work, the fra

rolling. In contrast,

cccded locally and cracking occurs during
ate anneals are utilized, the matrix between

particles recovers (10)

gonization . lcaving a low level of stored encrgy.
The dislocation tangles around the oxide particles arc not eliminated by these low
temperature anneals, and in fact, aro resistant to complcte recovery even at very
high tcmperatures(s’ 10,11,12) . The recovered matrix is now able to undergo
significant additional strain (ductility improves) while the docrcase in effective
interparticle spacing brings about an improvement {n strength over the as-extrudad

condition.
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If one starts with a lower level of total strain energy in the as-extruded state
(low extrusion ratio and low extrusion rate at high temperatures), considerably
more stored energy can be added through subsequent cold work, probably with

a more advantageous distribution of strain enorgy if intermediate low tempera~
ture anneals are utilized. Similarly, lower oxide content and more perfect oxide
distribution will permit greater improvement through alternate cold working and
annealing of the as-extruded structure. Oxide clusters in a structure otherwise
possessing uniform particle distribution may be associated with good as~extruded
properties but will suffer from low ductility and will crack after small amounts of
additional cold work. This happens because the clusters permit the fracture
stress to be exceeded in the matrix metal between th¢§xtremely closely spaced
oxide particles in the cluster.

CONCLUSIONS

1. Using mixtures of sub-micron o
and ‘I‘hOz. the thoria derived from thort
selective reduction of the NiO ap
and 982° C creep-rupture stren‘

1O and 'I'hO2 and NiO, Mooz.
e decomposition, and followod by

@

hieved.

levels of room temperature strength

2. Alloying of the nickel and molybdenum was complete

during hot extrusion.

3. The Ni~-Mo=-ThO § Aid not show any structural instabilities in 982° C
creep~-rupture tests for test times up to 100 hours. Most of the m-’rhoz alloys
showed an instability break.

4. Cold waxk, wiih and wifhout Intermediate low temperature annealing treat-
ments, was effective in increasing the 982° C strength; and was more effoctive
in the Ni-Mo alloys than in pure nickel, and more effective with intarmediate an-
nealing treatments.



5. A model 1s proposed to indicato the possible distribution of stored energy
for oxide dispcrsion-strengthened alloys which are cold worked after extrusion,
with and without intcrmediate, low temperature anncaling treatments.

ACKNOWLEDGEMENTS

The authors are indebted to NASA for support of the program undaf contract
NsG-117-61. Thanks are exprossed to Krautkramar Ultrasonics, Inc. for loan
of equipment and discussions t0 measure ultrasonic attonuation.




-19-

REFERENCES

1.

2.

3.

4.

§.

6.

7.

8.

9.

10.

11.

12.

Kubaschewsky, O. and Evans, E.L.: "Metallurgical Thermochemistry”,
Pergamon Press, Oxford, (1958).

Elliott, J.F. and Gleiscr, M.: "Thermochemistry for Steelmaking”, Reading,
Mass., 1, Addison-Wesley Publ., (1960).

Pelloux, R. and Grant, N.J.: "Solid Solution and Second-Phase Strengthen=-
ing Nickel Alloys at High Tempecratures®, Trans. AIME Met. 8oc.., 218,

Worn, D.K. and Tracey, V.A.: "Powdcr Metallurgy" (Symposium on “Non-
Metallic Dispersions in Powder Mctallurgy"), (1942), 34.

Murphy, R. and Grant, N.J.: "Powder Mctallurg (Sympoamm on Non-

Predecki, P, and Grant, N.J.: "O:xddyTe

ened Copper and Nickel Alloys", P A 53, (1962).
sitepgthoning by Powder Metallurgy

+ 16, Capitol City Press,

Methods". Progress in Pow
Montpeller. Vt. ’ (19:)0) .

Thomas, G. and Nuttin ldstic Deformation of Agaed Aluminum
Alloys”, with Appe Hiréch, J. Inst. Metals, 85, 7, (1957).

es, M.E. and West, G.W.: "The Relcasc of
formed Metals", Proc., Royal Soc., {London),

Clarcbrough, H.M\ \ Hargr
Cnergy During
.21&_: (1955)' 252.

Kornai_:gg, N. and ('nnf N, 'l’ *Tharmal Qosknu-.,. cf Cu-S aoz and ﬂu‘mz 3

Alloys" . Trans. AIME Met. Soc 224. (1962), 705.

Bonis, L. and Grant, N.J.: "The Structure and Properties of Dispersion-
Strongtiened Intcrnally Oxidized Alloys®. Trans. AIME Met. Soc., 224.
(1932, 308.

Bonis, L. and Grant, N.J.: "Influence of Processing Variables on the
Properties of Ni-Al,04 Alloys“. Trans. AIME, 218, (1960), 877.



C1-008-uzt

*2eA-008~YT z i
*oeA-(009-YS 008-411 009-4t Oul S-IN 91N ”
f
¢11-008-uzZ1
*2oeA-(008-Yl z |
*oeA-(009-US 008-4p1 009-41 o4l S-ON-IN STWN |
Mm..oo?ﬁ
H-009-YI1
*oea~008-Y1 A z
*oeA-009-UE 008-4el - oul L-IN (AI)OTIN
% 15-009-url .
*2eA-009-YS" T 609-YEZ Oul £-IN (IMOoIN
Mm-oom-ﬁ
H-009-46
*oeA-008-q1 2
*OPA~009-UE 008-YI1 009 - “OuUL L-ON-IN (menN
®1-009-upt
*ORA-(09-US° 1 009-UgZ 009-41 Yl ,-OW-IN (N6INN
®H-008-up
*oeA-008-YT 00L-42 00L-Y1 _
*oRA-(09-YZ 009-4s 009-41 oul £-IN JN
D . 'Owal pue suwfy D . ‘duel pue ., dwol pue ouf,  ,UORISOAWO) [eUJWON  “ON AO[IV
wedwo) jo Jjusugeay] 3Ly 2wyl UORONPSY uopsodwooeq

§35pmog AO[[y 10 ©36(] UORONpoY USDOJIPAH pue UORIS

I 3TVl




*URD ucISNXd Uy
paoeduwo)) °SUON
*ued UCISNXd Uy
pajoedwor) °auoN
* 3opmod
pajordwooun se
pepngxy °ouoN
*J9pmod
payedwooun se
papraxy °suoN

T D . ‘dua] pue ewyl
Pedwo) jo Jueculesaly JeeH

008-4s°9

00g8-ug

008-401

008-ust

D . “¢woL puv
awyl UORONPIY

*Juaozad saumioA ug st “O..F pue

009-492

004-41
009-4s°2

5, ~dwcl pue SWiL
uonysodwodaq

TN U Jusorad Jybiom Z1 ST JUIUCD ON e
‘120U [RIUaward Huysn ova+

Zour §-om-IN

N.Oﬁ.. 6-IN

S'E€-ON-IN

ZouL s ¢-IN

#GOHT50d WO JCUjWON

(°*Pauod) 1 ITAVI

€T-ZTNN

02-61IN

8TNN

LIN

uoz



0°66

8°86
£°66

L°S6

8°66

€°66

8°86

6°96

L°66

S°66

7°66

“TeonaeyYl
jo % Ayrsusq

oy 1:¢¢
L 2
oy | 138°Y
oY (1:¢¢
*®
or REM
4 4 1°€2
'4 4 1382
Y4 4 1:21
44 1:21
r44 1:21
'4 4 121
14 4 ¢
~onuI oney
Jad goyoug uorsngxy
peadg wey  [eujwopN

ge01-4uZ ¢ €6
geoT-12Z §*S?C
286-uz L°S6
Z86-ue 0°se
S6-4l £°c9
*¥9
geot- s
££01-Y4l
ee0T-ut v°19
8e0T-ut 9°es
pS6-a1 s°¢9
D . audY  ZIoedued
pue euwyy
punesyaad

UotsnNg Adewumng

UOISTL =3
Jopmod

0S00] SR *IXJ
UOTSTLRXO-aY
Jopmod

es00f 88 *IX3
154 000°SE
*3e3sepAH

1sd 000’SE
*3:sOIPLAH

18d 000°S€
*3esapdH

¥8d 000°S¢
*3ejsopiH

1sd 000°S¢E
*323sopAH

jo Jysusg  Bbupoedwo)

I ITEVL

(4

oYl S°€-OoN-IN

Oul §°€-Oo-IN

Tour s ¢-IN

Tour s°e-IN

2oyt s-IN

Tour s-om-IN

Cout £-1N

Tour 2~

NOnh L-OIT-IN

Tout z-om-IN

Toux £-TN

*UOR
{euwoN

STAN

STINN
(A1)0IN
(ImoIN
(63N

N6INN

IN




* £5101 UCISTLXA OM) puw
SOTIBL UOTSILXa JOYSTY 0 suoRIod JO UoISNNR3-31 AqQ POMOTIOF
‘UOREOFISUSD O] T3% ANOAP I UOTSTLRRS ISIT} B STUSSXIT gy

*juadsad UMIOA S JUSIUCD NOAH

N Uy 3uso1ad JUGTO/A ZT ST JUSIUCD OWe

sk

£°66 Syl B uopsnnxo-sy  COUL 6-OW-IN CZNN
9°66 £» 1:ee uopSTOXO-6¥  COUL 6-OIN-IN ZZNN
Lo ¥sd 000°L
ueo vojsnaxe
*3239p 300 v | 1t ge01-uz OUL 6-O-IN  €Z-ZZWN
9°86 v B 2e6-UZ T . Zout 6-1N 0ZN
G*°86 SPl &34 286-12 ¢ NOﬁ 6-IN 6IN
ued UOTSNXY .

*13315p 100 ey R 286-4Z Z°Ep ut pssoedmon OuL 6-IN  0Z-6IN
) s B e A —omuiin. |~ oRey . 0 D . dwal ¥ PEwod TPOUIGIN | ¥UORTSOAWo) TON Xo{IV
30 % Aysuacy 3ad sayouy uotsSLRXy pue aurgy 30 Ayysusq fupoedwo) {CuTtoN

poedgs wey  yeujwopN Supeeyesd
[0} {:jeB e brag

(*Pauod) II ITEVL



Alloy No,

N1
NMS(I)
NM (1)
N10(1Im)
N10(IV)
NM1$§
N16
N17
NM18
N19
N20
NM22
NM23

TABLE 11

mpositio
Molybdenum ThO,
Weight % Yolume %
- 6.96
12,58 6.57
12.4) 6.45
- 6.41
- §.95
12.0 4.44
- 4.60

- 3.16

indica producibility of results.

All

Impurities, Weight %

Fe c S__
0.29 0.007  0.001
- - 0.007
- - 0.005
- - 0.007
- - 0.003
0.008  0.004
.04 .005  0.002
025  0.020 -
.055  0.015 -
0.013  0.011 -
.014  0.009 -
0.016  0.009 -
0.015  0.006 -




TABLL IV

Yltragonic Attenuation at 12 mg

alloy No, Condition of Sample Attenuation da/cm

NM1§ As extruded 0.81

- NM15 Heated 1 hour at 950°* C 1.29
NM1$ Swaged 33% + 1 hour 950° C 1.50
N16 Swaged 33% 0.39
N16 " Swaged 43% 0.46
N1é Swaged 49% 0.45
N16 Swaged 56% 0.71
N16 Swaged 56% + 1 houp 0 0.71
N17 As extruded 0.30
N17 0.31
NM18 0.24
NM18 0.41
NM1S Swaged 15% 1.35
NM15 S8waged 19% 1.38
NM1§ Swaged 28% 1.77
N16 Swaged 17% 0.37
N16 Swaged 35% 0.35
N16 Swaged 42% 0.44

N16 Swaged 51% 0.66



TABLE V

Averaga Particle Size of Extracted IhQ,

- Average Particle Size

Alloy No, Angstromg
N1 150
NM9(D 230
NM9(Im) 260
N10(mi)

N10(IV) 240
NM15 90
N16 180
N17 250
NM18 - 280
N19 | 290
N20 | 300 "
NM22 360
NM23 390 *

*From same starting compact
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rig. & Alloy MM23 (Ni-12o-7TW0,), longitudinal view,
As-extruded. Rlectrolytic etch, 5% HC1 plus
alebbol. X 1000.

Pig. 5 Alloy W15 (Ni-12%0-5ThO,), lomgitudinal view.
As-extruded. Light electrolytic eteh, 5% RC1
plus aleohol. X 10,000,
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rig. 6 Alloy M} (Ni=7THO,, using elewental niakel),
longitudine]l view., As-extzuded. Flectrolytis
etch, 5% BCL plus aleohol. X 2000
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| I | [ ] | ! | |
NMI5, Swaged with
Intermittent Annealings
100 — { hour at 700°C ]
- NMIS -
B Stresses Used: 1
i NI 12000 psi _
o NMIS 9000 psi
> NI6 8000 psi
Q B _
|
o NI6
E
N o ) S ]
v — ]
‘E B N16, Swaged with _
é | Iintermittent —
- | Annealings —
9 B | hour at 950°C |
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| 1 L I I N
0 20 40 60 80 100

Area Reduction by Swaging — %

Figuro 9, Increase in rupture lifo with increasing cold gswaging, with and
without intermittent annealing treatments,
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Pinhole backereflections of Alloye MM1S and W16,

A,
B.
C.
D.

WS cold smmged 23%
Condition A after 1 bhour at 930°C
H16 cold ewaged 29%
Condition C afrer 1 hour at TO*C
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Figure 11. Model of Energy distribution.




